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High-order harmonic generation (HHG) from crystals offers a new source of coherent extreme
ultraviolet (XUV) attosecond radiation. The process is extremely sensitive to the band structure
and symmetries. Here, we tailor the high-order harmonic radiation by engineering the band structure
of the bulk material using dopant-induced vacancy defects. We provide a comparison of the HHG
signal in the XUV domain from undoped bulk magnesium oxide (MgO) to the HHG signal from
MgO doped with chromium atoms at sub-percent concentration. We experimentally demonstrate an
increase in the HHG efficiency as well as an extension of the highest detectable harmonic order from
chromium doped MgO with Mg vacancies below the laser-induced damage threshold. An anisotropy
measurement of the harmonic emission as a function of the laser polarization shows that the crystal
symmetry is preserved for the case of doped MgO. Using a reasoning based on tunneling theory,
we provide an explanation about the HHG efficiency increase in MgO with dopant-induced vacancy
defects. Our study paves the way towards the control of the HHG properties in solids with complex
defects caused by transition metals doping. As a promising example, the energetic cutoff extension
can be applied to control the attosecond emission.
I. INTRODUCTION
A. Development of efficient coherent XUV source
based on HHG from solids
Since its first experimental observation1, considerable
efforts were performed in the understanding of the main
mechanisms driving the high-order harmonic generation
in solids (HHG). This new source of extreme ultraviolet
(XUV) radiation2,3 displays a high degree of coherence4,
for instance, suitable for lensless diffractive imaging5.
The intrinsic essence of the solid HHG phenomenon al-
lows the generation of ultrashort pulses controlled poten-
tially at the sub-optical cycle of the driving laser. The
nature and the properties of the HHG emission are re-
markable observables of the complex attosecond electron
dynamics inside the solid. Indeed, the HHG emission re-
flects information about the band structure of solids, pro-
viding access to intrinsic crystal properties6,7. The HHG
process in gases can be easily explained by a single semi-
classical mechanism, namely invoking what is known as
the ”three-step model”8–10. On the other hand, the in-
teraction of the strong laser electric field with a crystal
generates electron-hole pairs, which are then accelerated
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by this field and the resulting radiation takes its origin
from an interplay of two different mechanisms7,11–13. One
of these processes is the so-called inter-band polarization
term, for which a three step model has been proposed12,
it is governed by the recombination of the electrons with
the holes, leading to the emission of a burst of light of
an energy equal to the instantaneous energy difference.
The other mechanism is responsible for the generation
of an intraband current due to the oscillations of elec-
trons within the bands along the Brillouin zone driven
by the laser field. The competition between those two
mechanisms depends on the material and the driving
laser parameters but, as a general feature, the intraband
processes dominate the low energetic part of the HHG
spectrum, while the interband contributions do in the
highest energetic region and consequently the intensity
of the plateau of harmonics of higher order and the cut-
off. The increase of HHG yield and the extension of the
highest observable harmonic in the harmonic spectrum
are of high importance for the development of novel and
efficient XUV sources. Various experimental techniques
using solid samples as targets were already implemented
to achieve those goals, such as plasmon or waveguide en-
hanced HHG5,14–18. Here, we propose an alternative way
of boosting the HHG yield from solids based on doping,
which paves the way towards an efficient, compact, and
coherent extreme ultraviolet source. This method per-
mits the modification and control of the material band
structure for improvement of the HHG properties.
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2B. HHG from solids with defects
Doping was demonstrated to be a considerable way to
control chemical and optical properties of materials. The
presence of dopants results in new electronic states in the
band gap, which enable additional optical transitions19
as well as modifications of the band gap20–24.
Since the HHG process is very sensitive to the band struc-
ture of the materials, doping appears to be a significant
leverage for influence the HHG mechanism. It is known
that the tunneling rate has an exponential dependence
on the band gap energy of the solid25. Therefore, one
can expect substantial changes of the HHG yield due to
modifications of the band gap. This fact has recently
raised interest among theoretical works on the use of
doped materials for the HHG26–29. For instance, the ef-
fect of impurity levels on the HHG is discussed in the
theoretical investigations exploiting time-dependent den-
sity functional theory27, where the authors have shown
the enhanced HHG yield from the donor-doped material
due to the electron tunneling from the impurity states
to the conduction band. The reasons of the HHG sig-
nal increase can be understood by taking into account
the basics of the semiconductor doping. From the one
hand, donor-type dopants introduce extra electrons into
the system and create states near the conduction band.
From another hand, acceptor-type dopants remove elec-
trons, thus producing unsatisfied bonds and resulting in
the appearance of the holes. Impurity levels due to the
presence of dopants appear within the band gap. In case
of donor-type dopants, the highest occupied orbital is
the impurity orbital within the band gap, while in case
of acceptor-type dopands the highest occupied orbitals of
the doped and undoped materials are the same.
In this work, we exploit the more complex system, in
which the donor-dopants not only substitute the lattice
atoms providing additional electrons but also create va-
cancies. Our aim is the experimental determination of
changes in the HHG yield caused by the dopant-induced
vacancies.
C. Chromium-doped magnesium oxide for HHG
The presence of dopant atoms in a crystal results in the
emergence of impurity energy levels in the band gap30 as
well as modifications of the initial band distribution31,32.
Another significant effect of the doping is the appear-
ance of point defects such as vacancies and interstitial
sites33. When a Cr dopant is introduced in the mag-
nesium oxide (MgO) lattice, it occurs in a 3+ stable
state34–36, Cr3+ ions replace Mg2+ ions and as a con-
sequence Mg vacancies appear to maintain charge neu-
trality36. This effect was widely studied previously and
a great amount of experimental works attributed the lu-
minescence around 700 - 800 nm to Cr3+ ions in different
sites of the MgO lattice19,34,37–39. Although experimen-
tal determination of vacancies is a very challenging task,
the presence of Mg vacancies in chromium-doped mag-
nesium oxide (MgO:Cr) was also confirmed by the use
of X-ray photoelectron spectroscopy technique40. The
presence of vacancies is known to have a considerable in-
fluence on the band gap of the material41.
In this work, we provide an experimental comparison of
the HHG signals obtained in the XUV domain, generated
from pristine MgO and MgO:Cr crystals. We demon-
strate an enhancement of the high harmonic conversion
efficiency below the damage threshold as well as an ex-
tension of the highest observable harmonic in the case
of the HHG from MgO:Cr. Furthermore, we perform a
comparison of the anisotropy dependence for both sam-
ples, showing that the symmetries are preserved, even if
the harmonic yield is increased.
This paper is organized as follows: in the next section,
Sec. II, we provide an optical characterization of the sam-
ples used in this work. Next, in the Sec. III we describe
the experimental setup for the HHG. Sec. IV is focused
on the obtained results. In Sec. V the experimental re-
sults are discussed. Finally, Sec. VI concludes this paper
and gives an outlook on future possibilities.
II. OPTICAL CHARACTERIZATION OF
PRISTINE AND CHROMIUM-DOPED
MAGNESIUM OXIDE
In order to establish the possible presence of Cr3+ ions
in our MgO:Cr sample and its subsequent influence on
the band gap energy, we perform optical characteriza-
tion measurements providing the difference between MgO
and MgO:Cr. The measurements of photoluminescence
signal from MgO and MgO:Cr (see Appendix A) used
in the current work confirm the presence of Cr3+ ions in
MgO:Cr sample, as it was introduced in Section I C. This
fact is in turn associated with a consequent formation of
Mg vacancies.
FIG. 1: Tauc plots (and transmission curves as an
insert) of MgO and MgO:Cr samples, where hν is a
photon energy, α is the absorption coefficient (obtained
from measured transmission data).
3In order to have information about the values of the
band gap energies of MgO and MgO:Cr samples with
5000 ppm chromium concentration (corresponding to ∼
0.5% defect concentration), we measure the transmis-
sion of white light through the samples. We use the
Tauc method of optical absorption edge determination42,
wherein the obtained Tauc plots are shown in Fig. 1. The
linear region of the curve has to be extrapolated for a de-
termination of the band gap energy. It can be inferred
from the data that the band gap energy of MgO:Cr is
about 5.36 eV. The determination on an the exact value
for the MgO sample is not accessible due to limitations
of spectral sensitivity of our detector. We therefore use a
fifth-order polynomial extrapolation in order to estimate
the band gap energy of the MgO sample, which provides
the value about 7.16 eV. Thus, the obtained band gap
energy difference of MgO compared to that of MgO:Cr
is found to be around 1.8 eV. It should be noted, that
the commonly used value of the band gap energy of the
pristine MgO is 7.8 eV, e.g., Ref.43. The observed dis-
crepancy of the band gap energy in our work and already
reported results could take origin from the minor amount
of impurities, as it is detected during photoluminescence
measurements (see Appendix A).
The observed modification of the band structure with the
consequent band gap narrowing of MgO:Cr compared to
MgO results from the presence of vacancies due to Cr3+
in MgO23,24. This fact is supported by our results on PL
and transmission measurements. Since the HHG process
is very sensitive to the band gap modifications, as it was
introduced in Section I B, we investigate this effect in the
following part of our work.
III. EXPERIMENTAL SETUP
In this work, we generate harmonics in the XUV range
using an intense infra-red (IR) driving field. The exper-
iment, sketched in Fig. 2, is carried out in vacuum, at
normal incidence, using a linearly-polarised laser with a
wavelength centered at λIR = 1.55µm (corresponding to
a photon energy of 0.80 eV), a 125 kHz repetition rate, a
pulse energy on the target of up to 4µJ, and a pulse dura-
tion of 22 fs full width at half maximum (FWHM), more
details on the laser system are provided in Appendix B.
The laser beam is focused by a lens of focal length of
f = 5 cm. The intensity at the focus is estimated based on
focal length, laser pulse duration, beam size and energy.
The laser intensity values provided below in the text are
vacuum intensities. The maximum intensity estimated
at the focus is I=22.5 TW/cm2. The laser intensity at
focus is varied by rotating the half-wave plate, and the
harmonic signal is optimized by moving the samples on
a motorized translation stage along the optical axis.
Two different samples are investigated: pristine MgO and
Cr-doped MgO, both of them being 200-µm-thick with a
(001) orientation. For MgO:Cr, the doping concentration
of Cr atoms is 5000 ppm (corresponding to ∼ 0.5% de-
Solid target
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τ=22 fs, frep=125 kHz
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FIG. 2: (color online) Scheme of the experimental setup
for HHG from MgO and MgO:Cr samples. The driving
IR beam is focused into a sample producing high-order
harmonics. The emitted radiation is recorded using an
XUV spectrometer, which consists of a diffraction
grating and a CCD camera.
fect concentration). The MgO:Cr sample is produced by
a commercial company and chromium atoms are intro-
duced in MgO crystal during tri-arc plasma growth44,45.
The interaction of the intense laser pulse with the sam-
ples results in an emission of non-perturbative coherent
high-order harmonics, which co-propagate with the driv-
ing laser. The fundamental beam and low-order har-
monics are removed by an aluminium filter allowing only
XUV light to pass through it. The high-order harmon-
ics are spectrally resolved by a home-made spectrometer
composed of a reflective concave diffraction grating and
a back-illuminated CCD camera. We are able to detect
the harmonics starting from the harmonic order 19 (15.2
eV) to the harmonic order 31 (24.8 eV).
IV. RESULTS
In order to investigate the possible effects of doping on
the HHG, we perform identical measurements on MgO
and MgO:Cr considering the variation of two main pa-
rameters: the driving laser intensity and the sample ori-
entation with respect to laser polarisation.
We compare the strong-field response of the two samples
by measuring the variation of the integrated harmonic
yield generated (between 14.4 eV to 25.6 eV) as a func-
tion of the intensity of the driving field. The system-
atic measurements are taken under optimal conditions
for each sample according to the optimization procedure
described in the previous section. Our results, shown
in Fig. 3 (a), demonstrate that the total high harmonic
yield from MgO:Cr is stronger than from MgO up to
a laser intensity of about 18 TW/cm2. A notable fea-
ture for MgO:Cr is the presence of a plateau in between
16 TW/cm2 and 20 TW/cm2 while the total harmonic
yield from MgO keeps increasing.
Fig. 3 (b) presents the HHG spectra obtained at the driv-
ing laser intensity of I=11.2 TW/cm2 for MgO:Cr and at
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FIG. 3: HHG from pristine and doped MgO samples.
Total harmonic yield as a function of driving laser
intensity for MgO and MgO:Cr samples (a); HHG
spectra obtained from MgO sample at a laser intensity
of 14.6 TW/cm2 and from MgO:Cr at a laser intensity
of 11.2 TW/cm2 (vacuum intensities) (b); The highest
observable harmonic energy scaling with the driving
field strength (c).
I=14.6 TW/cm2 for MgO. It can be inferred that the sim-
ilar HHG spectra in terms of harmonic yield can be ob-
tained using a lower driving laser intensity from MgO:Cr
than from MgO.
Next, we extend our analysis comparing the scaling of the
energy of the highest detectable harmonic with the driv-
ing field strength for MgO and MgO:Cr samples, which
is shown in Fig. 3 (c). As can be inferred from the fit-
(a)
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FIG. 4: Angular dependence of the harmonic spectra
for MgO at a laser intensity of 20 TW/cm2 (vacuum
intensity) (a) and for MgO:Cr at a laser intensity of
15.7 TW/cm2 (b). A four-fold symmetry is observed
due to MgO cubic crystal structure. The measure-
ments are taken with a 3 degree step.
ted curves, this energy scales linearly with the peak elec-
tric field strength in both cases with an almost the same
slope and the energy difference between the two curves
is about 2 eV for a wide range of electric-field strength.
This amount of energy is in a close agreement with the
band gap energy difference between MgO and MgO:Cr,
as it is determined in Section II and Fig. 1.
Furthermore, we investigate the symmetries of the two
samples by measuring the variation of the harmonic spec-
tra with respect to the crystal orientation. The laser po-
larization is kept constant while the crystal is rotated.
Fig. 4 (a, b) shows the angular dependence of the HHG
spectra from MgO and MgO:Cr. The anisotropy mea-
surements on MgO and MgO:Cr are taken at their indi-
vidual optimum conditions: the optimal intensity (inten-
sity that leads to the highest harmonic yield) for high har-
monic generation from the MgO sample is 20 TW/cm2,
while it is 15.7 TW/cm2 for MgO:Cr. As it can be seen
from the obtained data, there is a clear four-fold sym-
metry for both, MgO and MgO:Cr samples, which is
due to a cubic crystal structure of MgO. In fact, the
two anisotropy maps are barely distinguishable, showing
clearly that the two samples react in a very similar way
and possess the same symmetries.
5V. DISCUSSION
In Fig. 3(a-c) and Fig. 4(a, b) we show experimental
results of the HHG spectra for both MgO and MgO:Cr,
from which we can deduce that it is possible to get more
energetic and intense harmonics from the sample with de-
fects while the anisotropic behavior of the spectra (which
is related to that of the sample) remains unaltered.
This striking change of behaviour induced by doping
might lead to many appealing applications. Thus, a cor-
rect understanding of the underlying physics is of greatest
relevance. We focus our analysis on the microscopic ef-
fects leading to the modification of the HHG spectra of
the doped sample. Such an approach enables to have
an access to underlying mechanisms during the HHG
and has already established a direct connection to an ex-
perimental observations, see, e.g., Ref.13 and references
therein. We believe that the propagation aspects play a
secondary role in our case. The macroscopic effects are
determined by the linear and nonlinear refractive indices,
which are unlikely to exhibit large changes upon doping
given the low concentration of 0.5 %46–48.
The modification of the electron dynamics in the doped
sample and its role for the HHG can be understood from a
saddle point analysis49,50 of the interband current, which
has been successfully applied to the study of HHG in
solids12. The harmonic yield derived from this approxi-
mation is proportional to51
Y ∝ exp
[
−
√
8m∗0 ε
3/2
g
e ~E
]
, (1)
where Y is the high harmonic yield, m∗0 the reduced ef-
fective mass between the highest valence and lowest con-
duction bands, εg is the minimum band gap, e is the
electron charge, ~ is the reduced Planck constant and E
is the laser peak electric field strength (we are using SI
units here). Under this approximation, we can think of
the optical process as a three step mechanism, mediated
by tunneling at the center of the band. The Keldysh
parameter is given by25:
γ =
ω0
√
εgm∗0
eE
, (2)
where ω0 is the central angular frequency of the laser.
Taking into account the parameters of our experimen-
tal conditions, we find out γ < 1 (γ=0.46 for MgO and
γ=0.4 for MgO:Cr), which corresponds to a tunneling
regime. According to Eq. (1), one can expect the HHG
yield enhancement when reducing the minimum band
gap. As it was introduced in Section I C and confirmed by
transmission measurements in Section II, the appearance
of complex defect states due to the presence of vacancies
in MgO:Cr results in band gap narrowing of approxi-
mately 1.8 eV compared to the case of MgO. Thus, this
can be a reason for the increased high harmonic yield
for the case of MgO:Cr compared to MgO. Considering
Eq. (1) and the band gap energies Eg to be 5.36 eV for
MgO:Cr and Eg to be 7.16 eV for MgO, the HHG yield is
expected to be about 9 times larger from MgO:Cr com-
pared to MgO. This fact, in turn, favors the observed
increased HHG yield from MgO:Cr compared to MgO
shown in Fig. 3(a).
Consequently, our analysis provides a quantitative cor-
respondence between the experimental and theoretical
amount of the HHG yield increase.
VI. CONCLUSIONS AND OUTLOOK
We perform a study aimed at the comparison of the
HHG in the XUV spectral range from pristine MgO
and Cr-doped MgO with vacancy defects. The obtained
results demonstrate an increased HHG efficiency from
MgO:Cr compared to MgO below its damage threshold as
well as the extension of the highest observable harmonic
in spectra at a given laser intensity. The anisotropy de-
pendence demonstrated no change in MgO:Cr compared
to MgO. The observed effect of the HHG efficiency in-
crease from MgO:Cr compared to MgO can originate
from the increased tunneling effect due to the band gap
narrowing in a doped sample caused by Mg-vacancy for-
mation in MgO lattice due to Cr in 3+ energetically fa-
vored state in Mg sites. The lower damage threshold of
MgO:Cr was found to be the limiting factor for HHG
using a doped sample, thus an ”optimum” doping con-
centration can be determined which presents a compro-
mise between efficient HHG generation on the one hand
and generation below damage threshold on the other
hand. Therefore, the solids doped by transition metal
atoms at sub-percent doping concentration with the con-
sequent appearance of complex vacancy defects are seen
as promising candidates for the control and improvement
of the HHG emission with a preserved anisotropy depen-
dence. Our study paves the way towards the development
of efficient XUV sources based on HHG in solids with
defects. The attractive perspective is the future inves-
tigation of time-resolved electron dynamics in materials
with dopants and complex defects.
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Appendix A: Photoluminescence measurements on
MgO and MgO:Cr
We perform photoluminescence (PL) measurements
on MgO and MgO:Cr samples and compare the obtained
signals. The PL measurements are done at room
temperature at 365 nm excitation. The source signal
is filtered out before the detection using a long-pass
filter, which transmits radiation at wavelengths longer
than 514 nm. A PL signal is detected by a spectrometer
(Ocean Optics).
FIG. 5: Measured photoluminescence signal from MgO
and MgO:Cr samples excited at 365 nm wavelength at
room temperature.
Fig. 5 shows the PL signals from both samples. As can
be seen, there is a strong PL signal from MgO:Cr, which
consists of multiple peaks with a broad feature around
700 - 800 nm. Such a behavior of the PL signal is
typically attributed to 4T2 →4A2 transitions from Cr3+
ions in orthorhombic sites in MgO19,34,37. Therefore, our
PL measurements experimentally confirm the presence
of Cr3+ ions in MgO:Cr sample, which are in turn
associated with a consequent formation of Mg vacancies.
This fact can be considered as the origin of the notable
band gap narrowing as will be shown later.
Photoluminescence measurements in MgO reveal peaks
around 720 nm as well as around 850-950 nm. We
attribute these features to impurities in the undoped
MgO sample, the signal around 720 nm being probably
associated with Cr impurities, while multiple lines
around 850-950 nm can be due to Mg(OH)2 impurity
phase. Similar PL behavior from MgO undoped samples
was already reported in previous works52–56.
Appendix B: OPCPA laser system
The ultrashort pulse source at 1.55 µm relies on
an optical parametric chirped pulse amplifier (OPCPA)
pumped by a femtosecond ytterbium-doped fiber-based
laser source at 1.03 µm. This pump source delivers 400
fs, 400 µJ pulses at 125 kHz. The overall OPCPA ar-
chitecture is described in details in Ref.57. It is seeded
by a supercontinuum generation obtained from a small
fraction of the pump laser in a YAG crystal. This sig-
nal is temporally stretched in a total of 5 mm of silicon,
and amplified in two parametric stages. The first one
is based on MgO doped periodically poled lithium nio-
bate and the second one on KTA in non-collinear type II
phase matching configuration. Compression is achieved
by propagation in 210 mm of fused silica. The OPCPA
output pulses are 63 fs long with an energy of 19 µJ. The
pulses are then temporally compressed using soliton com-
pression in a plate of fused silica inside a multipass cell.
This results in the generation of 22 fs 14 µJ pulses at the
cell output that are directed towards the HHG setup.
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